Chirality is a geometric property of a physical, chemical, or biological object, which is not superimposable on its mirror image. Its significant presence has led to a strong demand in the development of chiral drugs, sensors, catalysts, and photofunctional materials. In recent years, chirality of nanoscale organic/inorganic hybrids has received tremendous attention owing to potential applications in chiral nanotechnology. In particular, with the recent progress in the syntheses and characterizations of atomically precise gold nanoclusters protected by achiral thiolates, atomic level origins of their chirality have been unveiled. On the other hand, chirality or optical activity in metal nanoclusters can also be introduced via the surface chiral ligands, which should be universal for the nanosystems. This tutorial review presents some optically-active metal (gold) nanoclusters protected by chiral thiolates or phosphines, and their chiroptical (or circular dichroism; CD) properties are discussed mostly from a viewpoint of the ligand dissymmetric field scheme. The examples are the gold nanoclusters protected by (R)-/(S)-2-phenylpropane-1-thiol, (R)-/(S)-mercaptosuccinic acid, phenylboronate-D/L-fructose complexes, phosphine sulfonate-ephedrinium ion pairs, or glutathione. Some methodologies for versatile asymmetric transformation and chiroptical controls of the nanocluster compounds are also described. In the dissymmetric field model as the origin of optical activity, the chiroptical responses of the gold nanoclusters are strongly associated with coupled oscillator and/or CD stealing mechanisms based on the concept of induced CD (ICD) derived from a perturbation theory, so on this basis, some characteristic features of the observed CD responses of chiral ligand-protected gold nanoclusters are presented in detail. We believe that various kinds of origins of chirality found in ligand-protected gold nanoclusters may provide models for understanding those of many related nanomaterials.
Introduction
Monolayer-or ligand-protected metal nanoclusters are composed of a metal core and protective organic ligands with a distinct core-ligand interface. In particular, a study of ligand-protected gold nanoclusters with a diameter smaller than~2 nm has received great attention owing to their important applications in life science, catalysis, and nanotechnology [1] as well as their fundamental electronic/optical properties that evolve from the bulk metallic state to molecular-like energy levels [2] . The unique features of nanoclusters also make them promising in the use of them as functional units or building blocks for the construction of novel advanced materials.
critical for the development of pharmaceuticals and agrochemicals. Moreover, chirality has also been envisaged to play an important role in nanoscience, and chiral nanomaterials are thus designed and fabricated in various ways [12] . During the last years, the area of chiral metal (gold or silver) nanoclusters has received a great deal of attention due to a wide range of potential applications offered by the materials in chiral sensing and catalysis, and by meta-materials in novel optical devices [12, 13] . In such chiral metal nanoclusters, the use of chiral protecting molecules has opened an avenue for novel materials at the nanoscale [14, 15] . Additionally, understanding the fundamental aspects of chirality in nanosystems has become indispensable for the advancement of nanoscience as well as nanotechnology. Among the chiral metal nanoclusters, thiolate-protected gold nanoclusters exhibit appreciable optical activity when chiral ligands are used. Schaaff and Whetten observed circular dichroism (CD) responses in glutathioneprotected gold nanoclusters in 2000 [14] , where glutathione is a chiral tripeptide composed of γ-L-glutamyl-L-cysteinyl-glycine. Further, observations of the energy location or strength of the CD response of such chiral thiolate-protected gold nanoclusters suggest that the electronic structure of the gold core should be highly sensitive to the chiral ligand environments [15] . These results not only offered evidence for the existence of novel nanomaterials with optical activity, but also indicated that chiral functionality can be present in matter at the nanoscale.
In this review, the author focuses on the research of optically-active or chiral ligand-protected metal (mostly gold) nanoclusters from a viewpoint of chiral chemistry of various organic compounds. Here, it should be noted that the reported works on chiral gold nanoclusters will be categorized into (roughly) two types; (i) chiral metal cores with achiral ligands, or (ii) achiral metal cores with chiral ligands [16] . In the above classification, the metal core refers to the inner core plus surface gold atoms incorporated into the gold-thiolate staple motifs. Indeed, there have been several reviews on chiral metal nanoparticles during the last several years, but the author thinks that they are mostly focused on the structural origins as listed in (i), which is based on the geometry distortion of the metal cores (including chiral arrangements of the surface Au). The examples include Au 20 (SR) 16 , Au 28 (SR) 20 , Au 38 (SR) 24 , Au 102 (SR) 44 , and Au 133 (SR) 52 [17] , where all different R substituents are typically achiral. Both left-and right-handed stereoisomers are found in each size of the chiral Au n (SR) m nanoclusters, indicating that the achiral ligand exerts no preference during the synthesis, and thus producing the left-and right-handed isomers equally (that is, racemic mixture formation). In contrast, my objective will be in emphasizing the case of the origin (ii), that is, providing insights into the origin of optical activity induced by the chiral ligand (=dissymmetric field model) and methodology for versatile asymmetric transformation of optically-inactive gold nanoclusters using ligand modification by chiral reactions. Most of the works that will be presented here refers to thiolate-protected gold nanoclusters, but some results on phosphine-protected nanoclusters are also described. Note that this review is not intended to be a comprehensive one, so there might be possible oversights of some significant contributions. Understanding of nanoclusters' chirality from a viewpoint of the ligand dissymmetric field is expected to benefit future exploration of applications of chiral nanomaterials.
Rotational strength and circular dichroism
Molecules that are optically active have an asymmetry or chirality, which results in the possession of a handedness. Such molecules exhibit circular dichroism (CD), i.e. the difference between the absorption of left-and right-circularly polarized light (LCPL and RCPL, respectively), Δε, since the two mirror-image objects have different interactions with the two CPL beams [18] .
We first define an electric and a magnetic transition dipoles (Fig. 1) , which are essentially associated with optical and chiroptical properties.
When the initial or final state is labeled as i or j, respectively, a linear charge translation brings about a non-vanishing electric transition dipole μ ij (or μ)≠0, whereas a "rotation" of electrons leads to a magnetic transition dipole m ij (or m)≠0. Both situations can lead to electronic absorption of radiation, and integration over the entire spectral band (dν) results in an oscillator strength f (dimensionless) [18, 19] ,
where ε is molar absorptivity. The absorption spectrum is typically obtained by plotting the above values in the wavenumber unit. Generally, the electric transition dipole term (μ ij ) is very much larger than the magnetic dipole, which can make a distinction between (electric-dipole) allowed (μ ij ≠0) and forbidden (μ ij =0) transitions. For example, ε of the electric-dipole allowed π-π* bands is at least >~10 4 , but bands ascribed to the d-d transitions of some metal complexes, which are electric dipole forbidden, are at most~10 2 .
Note that a dipole strength, D, is also used and expressed as follows;
Here, Ψ 0 and Ψ a are the wavefunctions of the ground and excited states, respectively, which generally correspond to those of the initial (=i) and final state (=j). Additionally, m, e, h and c are the electron mass, charge of the electron, Plank constant, and the velocity of light, respectively. In the context of chiroptical spectroscopy, on the other hand, both transition dipole moments play a critical role. The simplest chiral electronic displacement that can yield CD response is along a helical path, which implies a simultaneous translation plus rotation of charge; that is a transition with μ≠0 and m≠0 and for which the two vectors are not orthogonal (see Fig. 2 ). The integral of a CD band is directly proportional to the rotational strength (R):
where Δε is the molar dichroic (or differential) absorption. Moreover, rotational strengths are the product of wavefunction overlap integrals, and can be expressed as the Rosenfeld equation; that is, the imaginary part of the scalar product of the electric (μ) and magnetic (m) dipole transition moments of an electronic transition: 
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Progress in Natural Science: Materials International 26 (2016) [428] [429] [430] [431] [432] [433] [434] [435] [436] [437] [438] [439] where Im refers to the imaginary component of the scalar product. If < Ψ 0 |μ| Ψ a > =0 (in other words, if absorbance is zero), R is also zero. Thus absorbance is necessary for a CD signal. The superposition of μ and m results in a helical displacement of charge, which interacts differently with left-and right-circularly polarized light. That is, the electric dipole operator ( < Ψ 0 |μ|Ψ a > ) results in a charge separation and the magnetic dipole operator ( < Ψ 0 |m|Ψ a > ) a charge circulation, so the combination of the two yields both a charge separation and circulation along a screw axis (Fig. 2) . When the molecule is symmetrical, there will be no preferred direction for the charge circulation, and R will be zero. This explains the strong CD signal is originated from helices, in which the helical structure acts as a guide for charge circulation.
In most contexts, the rotational strength can be stated as
where θ is the angle between the two transition dipoles. If a molecule has a plane or center of symmetry, the sum of all of the induced electric and magnetic dipoles will either be zero, or the vectors of the magnetic and electric dipoles will be orthogonal to each other resulting in no optical activity, since cosθ=0 at θ=90°. Note that the CD data are commonly reported as ellipticity (θ in the unit of degree), which is related to absorbance by a factor of 32 
Origins of optical activity in chiral ligand-protected gold nanoclusters
Let us consider the optical activity of ligand-protected metal nanoclusters (or chiral metal nanoclusters). Again, it can be simply classified into two groups on the basis of its origin:
(i) Inherently chiral nanoclusters consisting of chiral metal cores with achiral ligands, (ii) Achiral metal cores with chiral ligands (in achiral adsorption patterns).
As described before, the "metal core" refers to the inner core plus the surface gold atoms incorporated into the Au-S staple motifs, so the situation of achiral metal cores with achiral ligands in chiral adsorption patterns can be included in the above origin (i).
The origin (i) is reminiscent of "asymmetric organic chromophores" such as helicenes, skewed biphenyls or binaphthyls with chirality, so the large optical activity will be expected [20] . On the other hand, the model (ii) is frequently called "dissymmetric field model", implying that the electronic states of the cluster core are chiral, yet the inner lattice of the core need not be geometrically distorted by the chiral adsorbates. In the origin (ii), the nature of the distance-dependent dissymmetric electrostatic perturbation is effective in inducing the chiroptical activity, even in a symmetrical metal core.
As in the case (i), inherently chiral cores of nanoclusters have been proposed as minimum energy geometries for various inorganic clusters [21] , so in bare metal nanoclusters, for example, in Au 34 -and Au 55 can be intrinsically chiral [22] [23] [24] . Interestingly, recent advances on the Xray crystal structure analysis of Au n (SR) m nanoclusters unveil intrinsically chiral Au nanoclusters, such as Au 20 (SR) 16 , Au 28 (SR) 20 , Au 38 (SR) 24 , Au 102 (SR) 44 , and Au 133 (SR) 52 , where all thiolate ligands with functional substituent R are even achiral [17] . A typical example for the nanocluster Au 38 (SR) 24 is shown in Fig. 3 [25] . The Au 38 (SR) 24 nanocluster is composed of a biicosahedral Au 23 kernel, which resembles a small rod and is achiral. The chirality of the nanocluster is imparted by the rotary (clockwise or counterclockwise) arrangement of the surface -S-Au-S-Au-S-dimeric staples, with three on the top icosahedral unit and another three at the bottom unit ( Fig. 3c and e) .
The dual propeller configuration gives rise to chirality since the top and bottom propellers have the same rotation direction. The overall Au 38 S 24 framework has a quasi-D 3 symmetry. One should also bear in mind that the electronic structure of the sulfur atom in the surface staple or semi-ring motif can be regarded as the sp 3 type where the electrons participate in four tetrahedral kinds of interactions; that is, a sulfur binds to the substituent group (=R), to two non-equivalent Au atoms, and with one lone-pair orbital (Fig. 4) . This bonding motif then creates a chiral center at the sulfur, so the thiolate ends can be classified as R-and S-enantiomers (Fig. 4) [26] . In -RSAu-SR-staples, the sulfur atoms have either type of R, R or S, S configuration creating a trans-isomer, or an (R, S) pair, creating a cisisomer. The calculated activation barrier for cis-trans switching is 0.5 eV for conditions of low-coverage, and the low activation barrier implies facile cis-trans isomerization at typical temperatures.
Dissymmetric field model
The chiroptical origin based on the above-mentioned mechanism (ii), that is, the dissymmetric field model, is within that of the induced CD (ICD) behavior, so the author describes ICD semi-quantitatively on the basis of organic chirality since it is helpful to better understand the chirality or optical activity in chiral ligand-protected gold nanoclusters.
When an optically active or chiral substituent is attached to an achiral chromophore such as an achiral metal core composed of several gold atoms, an induced CD signal can be observed that corresponds to the electronic absorption bands of the achiral chromophore. In the field of organic chirality, for example, binaphthyl-linked phthalocyanine compounds exhibit characteristic ICD [27, 28] . In this case, the mechanisms that generate rotational strengths (or CD signals) are;.
(a) Kuhn-Kirkwood coupled oscillator mechanism (or μ-μ mechanism), (b) CD stealing mechanism (or μ-m mechanism). Note that they are derived from a perturbation theory. The coupled oscillator mechanism (a) describes the Coulomb interactions between two electrically-allowed transitions, such as π-π* transitions, leading to composite transitions with non-vanishing electric and magnetic moments. The CD stealing (b) describes that the electrically-allowed electronic transition on one chromophore mixes with the magneticallyallowed transition on another.
In mechanism (a), the rotational strength, R KK , is given by
where r j and r i are the position vectors of the optically active and inactive chromophores, j and i, respectively, and K 1 is expressed as
Here V ij is the dipole-dipole interaction element that couples the two transitions expressed as
where ε 0 is the dielectric constant of a vacuum. Non-zero rotational strength can arise if the alignment of the electrically-allowed transitions on the chromophore and substituent is skewed. This implies a sensitive dependence on the actual geometry of the species as well as the magnitudes of transition dipole moments of the chromophores. "Exciton coupling" is a special case of the μ-μ mechanism in which degenerated transitions on identical chromophores mix [28] .
On the other hand, the "CD stealing" mechanism (mechanism (b)) directly transfers the rotational strength from a strongly optically active substituent to the central transition of the core system via dipolar coupling of the electrically-allowed transition of the achiral chromophore, μ i , and magnetically-allowed transition of the chiral substituent, m j . The rotational strength associated with this mechanism, R ST , is expressed as
This mechanism is also geometry-dependent via the V ij term, and requires the transition moments at the two centers to be aligned for the term μ i ·m j . Note that coupling between a magnetic transition moment of the central achiral chromophore and the electric transition moments of the chiral substituent, is also theoretically possible. In SI units, μ is expressed in m C, m in m 2 s −1 C, and rotational strength R in
Chiroptical responses in chiral thiolate-protected Au nanoclusters

Au 25 (SR*) 18 nanocluster
Significant advances have recently been achieved in the structure determinations of atomically precise, thiolate-protected gold nanoclusters denoted as Au n (SR) m [29] . These well-defined nanoclusters have also allowed in-depth studies of the intriguing physicochemical properties of them. In particular, Au 25 nanoclusters have been intensively investigated [30] , and their total structures are solved; the Au 25 (SR) 18 (where R=SCH 2 CH 2 PH, 2-phenylethylthiolate, abbreviated here as PET) nanocluster exhibits a core shell structure, an icosahedral Au 13 core and a Au 12 shell consisting of six "staple-like" motifs of RS-Au-S(R)-Au-SR. The Au 25 S 18 framework adopts a quasi-D 2h symmetry [4, 5] . Chirally modified PET derivatives (HSCH 2 C*H(CH 3 )pH; (R)-or (S)-2-phenylpropane-1-thiol, abbreviated as R-PET* or S-PET* for the stereoisomers) have been also used to prepare chiral Au 25 (R-PET*) 18 and Au 25 (S-PET*) 18 nanoclusters by Jin and co-workers, which are close analogs of achiral Au 25 (PET) 18 [31] . The chiral thiolate ligands did not affect the normal optical absorption spectrum of the nanoclusters, but Au 25 (R-/S-PET*) 18 exhibited mirror-imaged CD spectra in the metal-based electronic transitions (Fig. 5) . Interestingly, the HOMO- (d) and (e) Geometric models; that is, the arrangement of three propeller fans with C 3 as the center axis (see image (d)). As for the bottom portion of the total framework, the same triblade fan configuration is observed, but the bottom fan rotates < 60°relative to the top fan (image (e)). Both triblade fans rotate clockwise for the stereoisomer. The left-handed isomer possesses the same Au 23 core, but the six dimeric staples rotate counterclockwise. For clarity, R=CH 2 CH 2 PH is not shown here. Adapted with permission from Ref. [25] . Copyright 2010 American Chemistry Society. 
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LUMO transition (800-700 nm region) is CD silent. The metal-based electronic transitions with higher energy than the HOMO-LUMO transition are imparted with the ligand character, hence the chirality is contributed by a mixing of orbitals of ligand with those of the surface gold atoms of the nanoclusters. The contribution from the slight distortion observed in the Au 25 structure is not detectable. Again, on the basis of the X-ray structure and electronic properties of the welldefined Au 25 nanoclusters, the chirality of Au 25 (SR*) 18 is not caused by the metal core but by the surface ligands and surface gold atoms of the cluster. [31] . The author revisits the above-mentioned chiroptical responses of Au 25 (R-/S-PET*) 18 , which can be interpreted in terms of an ICD model caused by the chiral PET* ligands since the metal core geometry is essentially symmetric and thus this allows us to justify the application of the dissymmetric field scheme including the Kuhn-Kirkwood coupled-oscillator interaction (known as the μ-μ mechanism) and/or CD stealing (known as the μ-m mechanism) models as described in the preceding section. On this basis, the following conditions are required to obtain appreciable or large rotational strengths in this Au 25 nanoclusters;.
(i) transition frequency of an achiral chromophore (=symmetrical Au core framework) (ν i ) is close to that of the chiral chromophore with efficient coupling (=chiral PET* ligands) (ν j ), (ii) dipole-dipole interaction (V ij ) between the coupled two electric transitions (μ i and μ j ) is large, (iii) electric and magnetic transition dipoles at two centers have a specific (preferable) alignment.
In the present case, alignments between the Au core framework and chiral PET* ligands are statistical in solution, so the magnitude of the CD response should be primarily determined by the difference between ν i and ν j , and the transition dipole-dipole interaction term V ij . The frequency ν j is basically based on the π-π* transition of a phenyl substituent (UV region) in the ligands, so it is reasonable to explain that the magnitude of the observed CD response in the Au 25 nanocluster was the largest at~300 nm (the high-energy region). In the solution-phase Au 25 nanoclusters, neither the skewed electric dipole alignments nor the preferable electric/magnetic dipoles would be highly expected between the metal core and the ligand transitions, so it will make the CD response rather small. The almost silent CD response at around the HOMO-LUMO transition regions is also understandable in the context of this dissymmetric field model. As a consequence, the present interpretation is in good agreement with the consideration that the chirality is resulted from a mixing (via μ j , μ i , V ij and ν j 2 −ν i 2 ) of ligand orbitals with those of the surface gold atoms in the nanoclusters.
(R)-/(S)-mercaptosuccinic acid-protected Au nanoclusters: pHresponsive chiroptical activity
Under the dissymmetric field scheme as the origin of the gold nanoclusters' optical activity, it is expected that ligand modulation can change the CD response of the Au nanoclusters. In other words, their CD spectral features can be unique as fingerprints of the ligands. This will be done by, for example, proton attachment/detachment on surface chiral thiolate ligands having ionizable substituents such as carboxylic acid. The author here describes how the protonation/ deprotonation influences the chiroptical responses of the chiral or optically active Au nanoclusters. The protective ligand used is mercaptosuccinic acid (MSA; HS-C*H(COOH)-CH 2 -COOH), an intriguing thiol molecule with high water solubility and biocompatibility [32, 33] . MSA is a chiral compound but only racemate is commercially available. Then the racemic MSA was optically resolved using chiral amine molecules, and the enantiopure (R)-/(S)-MSA obtained was used to synthesize chiral MSA-protected Au nanoclusters. Note that MSA has three pK a values; pK a1 =3.30, pK a2 =4.94 and pK a3 =10.64, where pK a1 (pK a2 ) corresponds to dissociation of a carboxyl group that is closer (more distant) to the sulfur atom, respectively, and pK a3 to the thiol group deprotonation [34] . Hence the pH-responsive circular dichroism (CD) is expected [35] .
Let me first show CD spectra of pure (R)-/(S)-MSA in aqueous solution of pH=1.9, 3.2 and 10.3 (Fig. 6a) . Intensity of the Cotton effects observed at~235 nm is a function of pH; that is, the CD signal intensity is increased with a decrease in the pH value. On the basis of the geometrical and electronic structure analyses using quantum chemical calculations [35] , the following results can be found on the chiroptical responses of (R)-/(S)-MSA: (i) In neutral MSA, a gauche conformation is stable, and the absorption peak of~235 nm is due principally to the n-π* transition of C˭O coupled with the proximal sulfur atom. (ii) Upon deprotonation (pH=3.2 or 10.3), both the electronic structure and stable conformation of MSA were changed greatly; the stable conformation of singly or doubly deprotonated MSA is an anti form, and the n-π* transitions of C˭O are shifted to more blue accordingly [35] .
Using the optically-resolved (R)-/(S)-MSA as the capping agents, the ligand-protected Au nanoclusters (referred to as Au-R-MSA or Au-S-MSA, respectively) with the mean diameter of 1.5 nm were synthesized [35] . The prepared nanoclusters were stable in a wide range of pHs (from~2 to~9), and absorption spectra were not influenced by the pH value. Fig. 6b shows a series of chiroptical responses of Au-R-MSA and Au-S-MSA at different pH, shown as the profiles of anisotropy factor (g-factor) determined as Δε/ε, where Δε and ε are the intensities of the molar dichroic absorption and molar extinction coefficient, respectively. The typical ionization forms of MSA are also shown in the figures. Importantly, the chiroptical activity of Au-R-MSA or Au-S-MSA sample is highly pH-responsive. Furthermore, with a close inspection, it is found that (i) upon acidification (from pH=9.1 to 3.2-1.9), two new peaks or shoulders (bands b and c detected at~280 and~320 nm, respectively) are resolved in addition to band a (~235 nm) and band d (~400 nm) that are also present in the basic solution (pH=9.1); (ii) the amplitudes of bands a and d are successively enhanced upon acidification, but those of bands b and c are saturated at pH≤3.1. Remarkably, the increase in the CD response is strongly correlated with that of pure MSA. Hence the presence of ionized carboxylate (or non-ionized carboxyl) groups greatly modulates the chiroptical signal (and overall dissymmetric field) in the Au nanoclusters. On the basis of the strong pH dependence of the electronic states and stable geometries of MSA molecules, the observed pH-responsive behaviors (that is, an enhancement of chiroptical activity upon acidification (or protonation)) reasonably stem from both/either the electronic and/or conformational origins of the MSA ligands.
At low pH values, a decrease in conformational mobility of MSA ligands on the staples [36] , and/or a dissymmetric field modulation based on the chiral ligand (as a perturber), is expected [28] . In the former case, the ligands should be structurally (or conformationally) confined via some kinds of interactions, and the CD response arises from the predominant conformers [36] . The hydrogen bonding interactions may possibly be an origin for the decrease in the conformational mobility. In aqueous solutions, hydrogen bonds would be formed between water and carboxylic acid, not between the carboxylic acids. However, when two or more MSA ligands are close together on short -S-Au-S-oligomers on the surface, the proximal carboxyl groups can approach each other, leading to hydrogen bonds. In the latter case, when a perturber itself exhibits a strong chiroptical response, the dissymmetric field based on the chiral ligands works efficiently [28] . The chiroptical transition (n-π* transition of carboxyl group) of MSA ligand, corresponding to band a, is the most probable perturber since its chiroptical activity is positively associated with those of other three metal-based bands b-d, and thus chirality in bands b-d can be induced by this perturbation [35] . Note that the confined geometries of MSA may also contribute to the preferable alignment between the transition dipoles associated with the CD.
To gain further insight into the CD enhancement upon protonation, the electric dipole strength of the lowest transition for the neutral, singly or double deprotonated MSA was calculated. They were 0.124, 0.025 or 0.041 (au; {8.478×10
. Similarly, the magnetic dipole strength was obtained to be 0.282, 0.268 or 0.392 (au), respectively. This means that only the electric dipole moment of neutral MSA is significantly large, and thus it would remarkably contribute to an enhancement in the dipole-dipole coupling. Meanwhile, when the solution pH becomes high, a blue shift of the perturber transition makes the frequency difference (ν j −ν i ) large, yielding a slight reduction in the induced rotational strength.
Asymmetric transformation of ligand-protected Au nanoclusters
Versatile asymmetric transformation (or asymmetric induction) of achiral nanoclusters is one of the challenging topics in chiral chemistry and cluster science. The key to effective asymmetric transformation lies in the utilization of strong intermolecular interactions including electrostatic attraction and/or covalent bonding between the achiral (=whole nanocluster) and chiral (=compound to be added) species. Therefore, if strong association between the surface ligands of achiral metal (gold) nanocluster and a chiral reagent is achieved, appreciable optical activity or circular dichroism should be induced via the ligand dissymmetric field. In this case, the optical absorption spectrum will not be altered upon the asymmetric transformation. Some efficient methods have been developed for this purpose, for example, (i) transposing the chemistry of boronic acid-chiral saccharides from common molecular systems to surfaces on ligand-protected gold nanoclusters [37] , and (ii) ligand-based chiral phase transfer based on ion association [38] . Some results are shown below.
Chiral induction of achiral Au nanoclusters using boronic acidsaccharide chemistry
Boronic acids are known to form complexes with cis-diols rapidly and strongly in basic aqueous media [39] [40] [41] [42] , so saccharides, having pre-arranged cis-diols with multiple chiral centers, can form strong complexes with boronic acids to produce five-membered covalent esters with optical activity [41, 42] . Boronic acids have the acidic character and the trivalent neutral form is in equilibrium with the anionic tetrahedral boronate: For example, pK a of phenylboronic acid is 8.8 in water and its neutral-anionic equilibrium is expressed as shown in Scheme 1.
For utilizing this strategy, achiral 3-mercaptophenyl boronic acid (MPB)-protected Au nanoclusters were synthesized (Scheme 1) by the reduction of HAuCl 4 in the presence of MPB, and size-separated using PAGE (polyacrylamide gel electrophoresis). The photo of the PAGE separation is shown in Fig. 7a , and the most abundant species labeled as "x" is the target species. The nanocluster has a diameter of 1.1 nm, which was determined by solution-phase SAXS (small angle X-ray scattering) measurements [15, 16] . If we assume that the Au core is a sphere with the bulk density (58.01 atoms/nm 3 ) [43] , the number of Au atoms in the cluster is approximately 39-40. UV-vis absorption spectrum of the fractioned Au nanocluster as well as those of pure MPB and fructose is shown in Fig. 7b . Pure MPB and fructose contribute to the absorption signals only in the UV region ( < < 300 nm), whereas the nanocluster exhibits steps (or shoulders) at about 390 and 590 nm in the visible region. In the CD responses, the Au nanocluster with achiral MPB ligands had no optical activity (Fig. 7c) . Importantly, addition of chiral D-/L-fructose into the basic solution of the Au nanocluster leads to appreciable Cotton effects with an opposite sign (mirror-image relationship) in the metal-based electronic transition region (Fig. 7d, upper does not induce significant changes in absorption of the Au nanocluster, which indicate strongly that complexation between the surface MPB ligand and chiral fructose hardly influences the electronic states of the Au nanoclusters, and consequently, the gold core rearrangement or size growth is unlikely to occur upon complexation. An almost perfect mirror-image relationship means their enantiomeric complexation. Note that pure D-or L-fructose has a very weak positive or negative CD peak ( < 0.3 mdeg.) around 275 nm at [fructose]=10 −3 M, respectively, so the contribution of fructose to the CD signatures is negligible [37] . The MPB-protected Au nanoclusters demonstrated pH-switchable optical activity since the binding constant of the anionic boronate-diol is much larger than that of the neutral boronic acid-diol [44] and thus significant decomposition of the complexes is expected under acidic conditions. Fig. 7d (lower figure) shows ICD spectra of the Au nanocluster in the presence of D-/L-fructose (10 −3 M) in oxalate buffer solution (pH=1.68). In contrast to the data under the basic condition, CD signals are silent, suggesting no complexation of surface MPB moieties with chiral fructose under the acidic condition. No absorption spectral alternations are confirmed under the conditions, so the electronic state coupling of the dissymmetrically decorated ligands and gold atoms in the cluster should be the most probable origin, that is, dissymmetric field-based chiroptical signals. In any case, optical activity of the gold nanoclusters can be simply switched by external parameters such as pH. This method will be a powerful strategy to quantitatively induce optical activity in a controlled manner, and thus have a great advantage for some biological applications.
Phase transfer of achiral Au 11 nanoclusters based on chiral ion association
Asymmetric transformation of Au nanoclusters protected by ionic ligands can be achieved via chiral phase transfer. This method utilizes strong intermolecular interactions (typically electrostatic attraction) between the surface ionic achiral ligands and chiral ionic species with opposite charges (=ion association). The chiral phase transfer of racemic thiolate-protected Au nanoclusters has been successfully achieved [45] . In this section, a successful chiral phase transfer of water-soluble phosphine-protected undecagold (Au 11 ) nanocluster is presented [38] .
Unlike thiolates (RS − ) with negative charges, phosphines (PR 3 ) are essentially neutral and can be the terminal ligands for gold. The structures of phosphine-protected Au nanoclusters generally involve centered polyhedral geometries of metal, and the outermost gold atoms directly accept the P ligation in the phosphine ligands [46] . Among such Au nanoclusters, water-soluble species have been exclusively prepared by using the ligand exchange reactions; for example, a reaction of [Au 9 (PPh 3 ) 8 ](NO 3 ) 3 with PH 2 P(pH-SO 3 -) (triphenylphosphine monosulfonate; TPPS) affords atomically-precise, water-soluble Au nanoclusters [47, 48] . However, it often changes nuclearity; the Au 9 (PPh 3 ) 8 cluster changes its nuclearity to Au 8 by a two-phase ligand exchange reaction [48] . The author then developed a direct synthesis and isolation of atomically-precise, water-soluble TPPS-protected Au (specifically Au 11 ) nanoclusters. In addition, efficient asymmetric induction of the achiral Au 11 nanocluster is also achieved by chiral phase transfer based on ion association [38] . Interestingly, the ICD response is rather small as compared to that obtained for thiolateprotected Au nanoclusters, giving more importance of thiolate-metal interactions in the chiral transfer from surface ligands to central metal atoms [38, 45] . Synthesis of water-soluble TPPS-protected Au nanoclusters was successfully conducted by the reduction of HAuCl 4 in the presence of TPPS in water. The as-prepared product was size-separated using PAGE, and the most concentrated brownish band was collected. The fractioned nanocluster compound was characterized by mass spectrometry, and the primary formation of Au 11 (TPPS) 9 Cl undecagold nanocluster was found. Note that a small amount of Au 11 (TPPS) 7 Cl 3 (isomer) may be present in the fraction. Fig. 8a (upper) shows UV-vis absorption spectrum of the Au 11 (TPPS) 9 Cl in water (=Au 11 (w)). The spectrum exhibits broad absorption peaks (or shoulders) at~265, 320, and 490 nm, the characteristic molecule-like transitions. These positions are similar but slightly red-shifted to organically-soluble phosphine-protected Au 11 (undecagold) nanoclusters [49] .
In phosphine-protected Au nanoclusters, only a few reports have been found on the their chirality or optical activity; for example, (R)-/ (S)-BINAP-protected Au nanoclusters (BINAP=2,2′-bis(diphenylphosphino)-1,1′-binaphthyl) dispersed in organic media are typical [50, 51] . The author tried to achieve asymmetric conversion of the anionic Au 11 nanocluster using chiral ephedrinium cations. The chiral phase-transfer reactions could be conducted with catalysts of both (1R,2S)-N-dodecyl-N-methylephedrinium (DME + ), and (1R,2S)-N,Ndimethylephedrinium (MME + ) having the same stereostructure in a water/chloroform binary phase [38] . The lack of either DME + or MME + never led to the achievement of the phase transfer from water to chloroform (synergistic effect, see Fig. 8b , which shows a photo of sample vials with a biphasic mixture after the unsuccessful/successful phase transfer). Fig. 8a (lower) shows optical absorption spectra of the Au 11 nanocluster in chloroform (Au 11 (o); after the phase-transfer). Significantly, the spectral shape is identical with that in water, indicating the absence of "solvent effect", and therefore, the gold core rearrangement (or the cluster's nuclearity change) is unlikely to take place upon the phase transfer. CD spectrum of the phase-transferred Au 11 in chloroform (Au 11 (o)) along with that of similarly phasetransferred pure TPPS (TPPS(o)) are shown in Fig. 8c . While the Au 11 (w) is optically inactive, the extracted Au 11 (o) exhibits small but distinct CD responses in the metal-core-involved electronic transition regions ( <~400 nm). The anisotropy factor (or g-factor) was at most 2.5×10 −5 (300-420 nm) and had a maximum value of~7.0×10 −5
(~280 nm), unequivocally smaller than a typical g-factor of thiolate-(rac-penicillamine)-protected Au clusters (~1.0×10 −4 (350-650 nm)) phase-transferred in a similar manner [45] . To further examine how the surface phosphine ligands (and chiral ion-pair products) influence the core geometry and the resultant optical/chiroptical responses in the Au 11 nanoclusters, quantum chemical calculations were performed for some models Au 11 species possessing phosphine (PH 3 ) and chloride, along with one methylphosphine monosulfonate (PH 2 [49] . The ground-state optimized geometries of Nc1 and Nc2 along with their optical/chiroptical spectra are shown in Fig. 9 . Note that the CD signal of a chiral ligand-protected metal nanocluster should be correlated with its overall structure involving the core geometry and ligand configurations and/or conformations [52, 53] . Although the essentially achiral Nc1 exhibited CD signals in the calculations here, it is expected that the conformational averaging will make the responses to be zero. Then, from Fig. 9 , chiral MME + cation did not deform the core framework of the Au nanocluster, and thus the ICD responses are overall comparable to each other. Consequently, an expected increase in the CD response of the phosphine-protected Au 11 / ephedrinium adduct can be attributed to the dissymmetric field of the chiral phase-transfer catalyst. When applying a treatment of the dissymmetric field model including the coupled-oscillator interaction or CD stealing schemes for the present case, the magnitude of the ICD response should be primarily determined by the difference between ν i (achiral chromo- Fig. 9 . Optimized structures, theoretical absorption, and CD spectra of model undecagold nanocluster-chiral cation adducts Nc1 and Nc2. The formulas of the clusters are also presented.
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phore) and ν j (chiral chromophore), and the transition dipole-dipole interaction term V ij . The frequency ν j is based on the π-π* transition of a phenyl substituent (~270 nm) in the ephedrinium cations, so it is reasonable to explain that magnitude of the induced CD response in the phase-transferred Au 11 cluster was the largest at~300 nm (Fig. 8c) . Then, the author believes that, if the ligands possess large chiroptical activity such as BINAP with axial chirality, a reduction in the frequency difference (ν j −ν i ) as well as the large magnetic and/or electric transition dipoles will make the CD responses larger. As discussed before, the chiral phase transfer of thiolate-protected Au nanoclusters gave rise to ICD signals in the low-energy region (350-650 nm), that of phosphine-protected species limited the ICD response only in the high-energy region (≤~420 nm) [45] . In addition, the g-factor was smaller than that for the thiolate-protected nanoclusters. This finding indicates the importance (or less importance) of thiolate-metal (or phosphine-metal) core interactions in the chirality transfer from ligands to metals, respectively. This is probably due to the fact that the -S-Au-S-staple motifs can largely distort the outermost surface structure in comparison to the rigid Au-P bonding. A similar scheme is recently proposed that a chiral arrangement of the protecting Au-SR units in the thiolate-protected Au nanoclusters has a very strong influence on the strength of the CD spectra, whereas phosphine protection has a minor influence [53] .
Perturbation in the chiroptical responses of metal nanoclusters in the same nuclearity: alloying effects
When the optical activity of the metal nanocluster is induced by the ligand dissymmetric field, the magnitudes of its chiroptical responses are primarily determined by the transition dipole-dipole interactions between the ligands and cluster cores as well as the transition energy positions of chiral chromophores. This is a reason why CD responses of the nanoclusters are strongly ligand-dependent and thus act as fingerprints of the ligands. In addition, stronger optical activity in metal-based electronic transition regions with higher energy than that of HOMO-LUMO can be also understood. Note that, in the MO scheme, this is resulted from a mixing of ligand orbitals with those of the surface gold atoms of the nanoclusters. Here, let us look at such nanoclusters from an opposite standpoint, that is, change the position from ligands to metal cores. If the metal core transition dipoles and/or transition energies can be changed (in this case, ligands and core nuclearity would be unchanged), the chiroptical responses should be also controlled within the dissymmetric field model. This will be done by alloying of the central core metals. In this final section, chiroptical responses of glutathione (GS)-protected bimetallic 18-or 25-metalatom AuAg nanoclusters containing comparable amounts of Au and Ag are discussed [54] .
It is interesting first to note the results on AuAg bimetallic nanoclusters protected by glutathione with the atomic ratio Au/Ag of much larger than unity (≥~3). Under the conditions, the CD responses of GS-protected M 18 and M 25 (M=AuAg) nanoclusters exhibit quite different Cotton effects from those of the monometallic counterparts, but influence of many geometrical isomers, which can be produced by statistical Ag atom distribution in the core of the cluster, made their CD signals overall reduced [55] . In contrast, an enhancement of chiroptical activity is observed only in the M 18 nanocluster having comparable amounts of Au and Ag as compared to that of the corresponding monometallic Au 18 cluster. Fortunately, the atomic structure of a thiolate-protected Au 18 nanocluster compound (Au 18 (SR) 14 ) has recently been unveiled [56, 57] , so on this basis, the lowest-energy structure can be theoretically predicted. As a consequence, the overwhelming presence of nanoclusters with almost intact Ag core -Au The bimetallic AuAg nanoclusters containing comparable amounts of Au and Ag are prepared in the presence of GSH under the feed mole ratio of Au/Ag=1 [54] . The as-prepared nanocluster samples (Au(SG) for pure gold and AuAg(SG) for bimetallic nanocluster species) can be separated using PAGE (Fig. 10a) . In the case of monometallic silver nanoclusters Ag(SG), no bands (species) could be seen in the same mobility region of the gel [55] . In Fig. 10a, two 13 , Au 18 (SG) 14 , and Au 25 (SG) 18 , respectively) are regularly observed at the same positions with each other, so we focus on these four bands [58] . In comparison between Au and Ag, the atomic diameters and thiol packing densities are known to be very similar in bulk Au and Ag [59, 60] ; moreover, both metal atoms contribute one free electron per atom to the nanoclusters so the same pattern of atomic shell closings is expected. Hence the fractioned bimetallic compound 2 AuAg or 4 AuAg should be a 18-or 25-metal-atom nanocluster formulated as M 18 (SG) 14 or M 25 (SG) 18 . The SAXS profile analysis also validates the assignments. On the basis of X-ray photoelectron spectroscopy (XPS), the bimetallic composition and valence state of these metals in these compounds are clarified: 2 AuAg as Au 8.5 Ag 9.5 (SG) 14 and 4 AuAg as Au 11 Ag 14 (SG) 18 . Additionally, the observed XPS data can deduce the locations of Ag (or Au) atoms in the nanocluster compound, and importantly, 2 AuAg (=Au 8.5 Ag 9.5 (SG) 14 ) should have an almost intact core-shell type (=core-staple) configuration in the M 18 nanocluster. Fig. 10b displays UV-vis absorption spectra of 2 AuAg , 4 AuAg , Au 18 and Au 25 in aqueous solution. The absorption features at around 620 nm and 500-550 nm are characteristic of Au 18 (SG) 14 [57] , and those at distinct peaks at 780, 670, and 450 nm are of Au 25 (SG) 18 [58] . Mixing of Au and Ag perturbs discrete energy levels within the nanocluster's electronic structure. Fig. 10c and d display chiroptical responses (anisotropy factors) of the respective compounds, expressing significant spectroscopic modulations in the Cotton effects upon Ag doping. Strong emphasis is here placed on the finding that the maximum anisotropy factor of~4.0×10 −4 is typically found for the bimetallic 18-metal-atom compound 2 AuAg and is larger than that of the monometallic Au 18 (at most 2.0×10 −4 ). On the other hand, among the 25-metal-atom nanoclusters, the pure Au 25 has the largest g-factor.
Judging from the magnitudes of their anisotropy factors, the observed chiroptical responses are due to the ligand dissymmetric field of chiral glutathione [53] . The reason why the comparable amount of Au and Ag mixing in the M 18 (SG) 14 system did not cause a decrease (or even enhance) in the chiroptical activity is discussed from a structural point of view, that is, the structural prediction of 2 AuAg is the major issue here. The computational efforts are focused on the Au 9 Ag 9 (SH) 14 nanoclusters (note that SH is simply chosen as ligands instead of glutathione) [61] . In the total structure of Au 18 (SR) 14 , it should have a face-fused Au 9 bioctahedral kernel protected by one Au 4 (SR) 5 14 ; the most left image in Fig. 11 ) is first constructed and structurally optimized [56] . Next, a structure in which 9 Au atoms in the staples are fully substituted by Ag (Au 9 core -Ag 9 staple (SH) 14 ) is optimized (isomer I). Then the Au atoms are sequentially replaced by Ag to produce various isomers. Through the assessment, a systematic trend is found showing a monotonic decrease in the total energy of the isomers with an increase in the Au atoms in the staple. Some lowenergy structures with staple configurations like Ag 2 Au 7 are also shown in Fig. 11 (isomers IV a and IV b ) . Within our examination, the Ag 9 core (Ag 9 staple ) isomer, that is, isomer-V (isomer-I) is the most stable (unstable) configuration, respectively. The results indicate that Au 9 Ag 9 (SR) 14 nanoclusters likely yield an intact core-shell (corestaple) geometry, and thus, there is little possibility to have different isomers whose cores (and staples) are compositionally disordered [62] . In reality, however, some isomers with Ag-enriched AuAg-core configurations will be possible. In addition, the atomic ratio Au/Ag=8.5/9.5 experimentally obtained is an average value for the M 18 nanocluster compound 2 AuAg so the compositional fluctuations would also exist. Despite the simplicity of the model, the structural prediction on bimetallic Au 9 Ag 9 nanoclusters is satisfied with the XPS data of 2 AuAg . On this basis, the Au 8.5 Ag 9.5 (SG) 14 How does the intact Ag core -Au staple geometry influence its chiroptical activity? Fig. 11 (middle and bottom rows) also shows calculated absorption and CD spectra of some isomers of Au 9 Ag 9 (SH) 14 together with those of Au 18 (SH) 14 . In the intact core-shell Au 9 Ag 9 nanocluster (isomer-V), the calculated absorption is similar to that of Au 18 but the first transition shows a well-defined intense peak at around 604 nm (labeled as a), which is blue-shifted as compared to that of Au 18 , in agreement with the experimental observation (Fig. 10b ). In the chiroptical activity, arbitrary incorporation of 9 Ag atoms in the M 18 nanoclusters yields an overall increase in the CD response as compared to the monometallic Au 18 compound, although the influence of ligand chirality is not involved. Hence substitution of nine Ag atoms in the M 18 nanocluster system essentially enhances the CD responses as compared to the Au 18 nanocluster. In compound 2 AuAg , the exclusive existence of single nanocluster isomers is unrealistic, so the observable CD response would be more or less influenced by some low-energy geometrical isomers, bringing about a weak isomer-averaging effect [55] , but importantly, most of the Ag atoms would preferentially occupy at the 9-metal-atom core positions, so the expected structural diversity (or positional fluctuation of Ag) can be energetically restricted, giving rise to a significant reduction in the degree of isomeraveraging effect for the CD responses.
In the 25-metal-atom nanocluster, interestingly, theoretical calculations have also predicted that a stable structure is the fully-doped Fig. 11 . Calculated absorption and CD spectra for Au 18 (SH) 14 and geometrical isomers of Au 9 Ag 9 (SH) 14 nanocluster species. In optical absorption, the first transition is labeled as "a". Adapted with permission from Ref. [54] . Copyright 2016 American Chemistry Society. core Ag 13 core Au 12 staple system [63] . In compound 4 AuAg (Au 11 Ag 14 ), our XPS data exhibited that Au atoms were located in the whole cluster regions, suggesting that it does not strictly have the intact core-shell configuration. Hence the energetically possible geometrical isomers or fluctuations are readily to influence the chiroptical activity of the bimetallic nanocluster system, leading to a CD response reduction. Consequently, configurational restriction of the magic-numbered nanoclusters plays a significant role in suppressing the isomer-averaging for the chiroptical responses of the alloy nanocluster systems.
Conclusions
Recent progress in the synthesis and characterization of ligandprotected metal nanoclusters has made some origins of their chirality unveiled. The origins include distorted cores, sulfur atom configurations, arrangement or pattern of the protecting ligand units, and chiral ligands themselves. There are currently several interesting and useful reviews on chiral nanoclusters or nanostructures [29, 52, 64, 65] , so in this review, the author particularly focused on chirality introduced in gold nanoclusters by the surface chiral ligand, which can be universal for the systems. They were chiral metal (gold) nanoclusters protected by chiral thiolates or phosphines, and their chiroptical activity was discussed from a viewpoint of the dissymmetric field model. The surface protective chemicals included chiral thiol, chiral boronate esters, and chiral ion pairs. Some methodologies for versatile asymmetric transformation and chiroptical controls in the ligand-protected metal nanocluster compounds were also described. In the dissymmetric field model, the observed chiroptical responses are strongly associated with coupled oscillator and/or CD stealing mechanisms based on the induced circular dichroism (ICD) behaviors. On this basis, some significant characteristic of the CD responses was presented. The author anticipates that further uses for chiral nanomaterials such as the present ligand-protected metal nanoclusters will continue to develop rapidly in the near future, and thus believe that such chiral nano-engineering methodology will play an important role in this new class of nanoscale materials.
